Introduction
============

Mucosal tissue is a critical barrier that defends the body from pathogenic infection, and typically lines the surface of internal organs and body cavities. Within the female reproductive tract (FRT), the vaginal mucosa is composed of three layers that possess unique characteristics relevant to their protective functions ([Figure 1](#f1-ijn-13-2709){ref-type="fig"}).[@b1-ijn-13-2709],[@b2-ijn-13-2709] The secreted mucus layer, located on the apical side of the mucosa, is made of polymerized mucin fibers and globular secretions. Cervical mucus is produced by the ectocervix and forms cervicovaginal mucus (CVM) that locally lines the cervix, as well as the vaginal compartment. Beneath the mucus, within the vaginal compartment, lies the stratified epithelium, which is \~200--400 μm thick. The lamina propria (or stroma) lies at the basal portion of the mucosa and is the thickest (2.5--3 mm) and most complex of the three layers. Similar to the apical mucus, an array of mucin fibers can be found within the stroma.[@b3-ijn-13-2709] The arrangement of these mucin fibers -- in parallel fiber networks or more randomized patterns -- is influenced by menstrual and ovulation cycles. In addition, the stroma contains immune (eg, CD3^+^ and CD4^+^ T lymphocytes) and host (eg, macrophage, fibroblast) cells that are recruited to mediate the host--antimicrobial response.

The physiological and anatomical complexity of the FRT maintains the health of the microbiota and host cells by acting as a first line of defense against incoming pathogens. Yet, the effectiveness of the CVM as a barrier to infection can present significant challenges to the localized administration of microbicidal, antiviral, and antibiotic agents. Traditional dosage forms and delivery vehicles that deliver prophylactic and therapeutic active agents to the FRT such as intravaginal rings, gels, and films face numerous obstacles including: rapid clearance and dilution of topically applied active agents due to vaginal fluids, minimal diffusion through the CVM, poor transport to underlying tissue, and inadequate, heterogeneous agent distribution. To address these challenges, a variety of platforms have been developed to deliver therapeutic agents across the CVM, while also increasing the longevity and retention of active agents in the FRT. These platforms offer numerous advantages over traditional dosage forms by protecting active agents from degradation in the harsh acidic vaginal microenvironment, providing sustained release to improve the longevity and efficacy of the therapeutic payload, as well as enabling the high encapsulation and localized delivery of hydrophobic and hydrophilic agents ([Table 1](#t1-ijn-13-2709){ref-type="table"}). For a more thorough review of microbicide delivery platforms, please refer to the studies.[@b4-ijn-13-2709]--[@b9-ijn-13-2709]

A promising platform that has been utilized to improve distribution through the CVM is based on polymeric nanoparticles (NPs).[@b5-ijn-13-2709]--[@b7-ijn-13-2709],[@b9-ijn-13-2709]--[@b37-ijn-13-2709] Due to small sizes, often ranging from 70 to 300 nm, NPs exhibit unique physical properties that make them advantageous for delivery to the FRT, often providing desirable diffusion and transport kinetics through the CVM. By incorporating different surface modifications, NPs can improve retention, diffusion, and cell-specific targeting, relative to other delivery platforms. Additionally, polymeric NPs are typically made from nontoxic, non-inflammatory, US Food and Drug Administration-approved polymers, which improve biocompatibility -- a factor of significant importance due to the propensity for vaginal infections. The nanoscale properties, including high surface area to volume ratio, can impart favorable tunability in transport properties. This is achieved through NP surface modifications, by utilizing different surface chemistries to conjugate or adsorb ligands to the NP surface. These modifications can either enhance NP diffusion through the CVM via muco-inert properties, or can impart mucoadhesive characteristics for greater longevity in the basal mucus layer ([Figure 2](#f2-ijn-13-2709){ref-type="fig"}).[@b5-ijn-13-2709],[@b18-ijn-13-2709],[@b19-ijn-13-2709],[@b23-ijn-13-2709],[@b31-ijn-13-2709],[@b32-ijn-13-2709],[@b36-ijn-13-2709],[@b38-ijn-13-2709]--[@b40-ijn-13-2709] Therefore, NPs can directly carry therapeutic payloads and navigate through the porous CVM, thereby increasing agent penetration and transport. Moreover, alterations in physicochemical properties can be adapted to attain desired pharmacokinetic (PK) and pharmacodynamic (PD) properties.[@b6-ijn-13-2709],[@b7-ijn-13-2709],[@b10-ijn-13-2709],[@b14-ijn-13-2709],[@b15-ijn-13-2709],[@b19-ijn-13-2709],[@b23-ijn-13-2709],[@b26-ijn-13-2709], [@b27-ijn-13-2709],[@b36-ijn-13-2709],[@b39-ijn-13-2709],[@b41-ijn-13-2709] Thus, polymeric NPs can be designed to overcome transport barriers and to deliver effective doses to target sites, while maintaining agent activity and minimizing adverse effects on surrounding tissue.

To more effectively design delivery vehicles for application to the FRT, an in-depth understanding is needed of the anatomical and physiological structure of the vaginal microenvironment and how these structural characteristics may directly or indirectly affect NP diffusion and transport. A variety of studies have examined the impact of mucin fibers -- found in the apical and basal layers of the mucosa -- on NP distribution and transport.[@b12-ijn-13-2709],[@b42-ijn-13-2709] Mucin, a major structural component of mucus, is a high-molecular-weight anionic molecule that non-covalently interacts to create a mesh-like framework. Depending on the arrangement, size, and porosity of these mucin fibers, active agent and delivery-vehicle penetration are impeded, similar to that of virus penetration.[@b43-ijn-13-2709]--[@b45-ijn-13-2709] Additionally, the affinity for NPs to reversibly bind to mucin fibers has been studied and shown to impact NP diffusion. These studies, discussed in more detail later in the article, provide insight into the dependence of diffusion through the mucosa on ligand choice, surface modification density, and ligand molecular weight. Although NP diffusion and transport -- as a function of these alterations -- have been experimentally studied in vitro and in vivo, limitless alterations exist, making it difficult to iteratively test all of the parameters that can impact binding, diffusion, and internalization.

In parallel with experimental design, mathematical modeling has been used to validate and predict factors that play pivotal roles in drug and NP distribution, particularly in the field of cancer. Mathematical models have been used to obtain more detailed insights into how specific parameters including size, shape, surface modifications, and drug loading can affect NP diffusion, without having to conduct exhaustive experiments to inform design.[@b46-ijn-13-2709]--[@b68-ijn-13-2709]

The goal of this review is to highlight recent experimental studies that have evaluated NP transport in the FRT. As there have been, to our knowledge, no mathematical studies evaluating NP transport in the FRT, we focus on modeling studies that have evaluated small-molecule transport and viral interactions, and describe research parameters and administration regimens that may be expanded upon to more thoroughly and efficiently inform potential NP design. We first present an overview of the in vitro, ex vivo, and in vivo polymeric NP studies conducted to date, by which transport parameters are determined, extrapolated, and validated. Second, we summarize how different NP design features have impacted FRT transport, and identify gaps that exist due to the limitations of iterative experimentation alone. We then discuss the potential of mathematical modeling as a complementary means to characterize and evaluate diffusion and transport of delivery vehicles and active agents through the CVM. Lastly, we suggest potential advancements combining mathematical and experimental knowledge to inform next-generation designs, such that optimal NP binding, diffusion, and internalization in the FRT may be achieved.

Informing NP design with empirical studies
==========================================

Introduction to factors that guide experimental studies
-------------------------------------------------------

As the field of intravaginal drug delivery has evolved, a variety of experimental methods have been established to study molecular and NP transport in vaginal mucosa models. In vitro, ex vivo, and in vivo methods have provided insight into the pharmacologic behaviors of molecules and delivery vehicles, particularly their movement through the CVM. Each type of experimental model provides information on transport and the interactions that modulate this transport, with varying degrees of physiological complexity and accuracy.

The most controlled methods to study molecular diffusion and transport are provided by in vitro experimental models, wherein individual cell uptake and effect can be evaluated. However, monolayer cell culture often fails to adequately represent a system in which NPs undergo diffusive flux as they would in vivo, due to the inability of these systems to accurately represent three-dimensional (3D) physiologic architecture and microenvironmental conditions. To more faithfully represent the mucosal environment, more advanced in vitro systems such as synthetic mucus,[@b69-ijn-13-2709] undiluted CVM collected from human patients,[@b11-ijn-13-2709],[@b20-ijn-13-2709],[@b30-ijn-13-2709],[@b31-ijn-13-2709],[@b35-ijn-13-2709],[@b70-ijn-13-2709]--[@b72-ijn-13-2709] and 3D cell culture techniques have been developed.[@b27-ijn-13-2709],[@b28-ijn-13-2709],[@b52-ijn-13-2709],[@b55-ijn-13-2709],[@b73-ijn-13-2709]--[@b77-ijn-13-2709]

In addition to utilizing a relevant model to study and obtain transport information, essential physical and chemical properties must be considered to effectively design NPs to navigate the CVM. Depending on whether mucoadhesive or muco-inert properties are preferred, these properties may be tailored to enhance distribution through mucus and to the underlying epithelial and stromal cell layers. A particular physical parameter -- NP size -- has been found to impact NP diffusion and transport kinetics, due to the pore size of the surrounding CVM.[@b1-ijn-13-2709],[@b20-ijn-13-2709],[@b21-ijn-13-2709],[@b42-ijn-13-2709] If NPs are larger than the average CVM pore diameter, effective transport may be hindered by physical and chemical interactions with mucin fibers. Contributing to these interactions, NP surface chemistry also impacts NP transport: surface charge, colloidal stability, surface-modifying agent of choice, molecular weight, and ligand surface density all affect NP interactions with the mucosa.[@b11-ijn-13-2709],[@b18-ijn-13-2709]--[@b20-ijn-13-2709],[@b24-ijn-13-2709],[@b25-ijn-13-2709],[@b30-ijn-13-2709],[@b31-ijn-13-2709],[@b34-ijn-13-2709],[@b35-ijn-13-2709],[@b37-ijn-13-2709],[@b40-ijn-13-2709],[@b43-ijn-13-2709],[@b72-ijn-13-2709],[@b78-ijn-13-2709] These factors can influence how NPs, in a concentration-dependent manner, interact with one another.

Together, these factors contribute to the complexities associated with, first, understanding NP diffusion within the CVM and subsequently designing optimal NP delivery vehicles to meet the needs of a given application or physiological environment. Previous literature reviews[@b5-ijn-13-2709]--[@b7-ijn-13-2709],[@b9-ijn-13-2709],[@b15-ijn-13-2709],[@b17-ijn-13-2709],[@b25-ijn-13-2709],[@b32-ijn-13-2709],[@b38-ijn-13-2709] have focused on the therapeutic efficacy of NP delivery systems and their potential applications in the FRT environment. Here, we highlight different in vitro, ex vivo, and in vivo techniques that have been implemented to better understand how the relevant parameters influence NP diffusion and transport kinetics in the CVM. In this section, we present these techniques and summarize how they have been utilized to gain deeper insights into the complexities of NP delivery within the FRT.

In vitro transport studies
--------------------------

### Human CVM studies

#### Transport dependence on NP size and surface modification

Within the field of intravaginal drug delivery, CVM samples are often collected from patients and serve as important specimens to study NP transport and diffusion. This methodology provides a near-perfect physiological mucus model in which NP transport may be studied.[@b2-ijn-13-2709],[@b12-ijn-13-2709],[@b18-ijn-13-2709],[@b20-ijn-13-2709],[@b21-ijn-13-2709],[@b30-ijn-13-2709],[@b31-ijn-13-2709],[@b35-ijn-13-2709],[@b70-ijn-13-2709],[@b71-ijn-13-2709] In a seminal study by Willits and Saltzman, fresh, mid-cycle cervical mucus was obtained from healthy human patients and used to investigate how mucus properties change on the basis of interactions with synthetic polymers.[@b72-ijn-13-2709] In the study, the addition of nonionic or cationic polymers such as polyethylene glycol (PEG) or polyvinylpyrrolidone (PVP) altered the gel-like structure of mucus. It was discovered that the addition of PEG (3,350 Da) affected the structural properties of mucus by inducing hydrogen bond formation, leading to mucin fiber coalescence in regions that were in contact with the polymer and the resultant creation of larger pore sizes. In contrast, the addition of anionic polymers like poly(lactic-co-glycolic) acid (PLGA), had no effect on mucus properties.[@b72-ijn-13-2709] The inability of PLGA to induce structural changes within CVM may correlate with the observation that PLGA NPs tend to immobilize within the CVM, while conversely, the ability of PEG to alter mucin fiber arrangement may contribute to the enhanced diffusivity of PEG-modified NPs, as discussed in greater detail later in the article. The results from this pioneering study highlight the impact of polymer selection on NP-CVM interactions.[@b72-ijn-13-2709]

In later work, human CVM was used in vitro to investigate the diffusion kinetics of different polymeric NP formulations, including polystyrene (PS) and PLGA NPs.[@b20-ijn-13-2709],[@b21-ijn-13-2709],[@b29-ijn-13-2709]--[@b31-ijn-13-2709],[@b34-ijn-13-2709],[@b35-ijn-13-2709],[@b37-ijn-13-2709],[@b79-ijn-13-2709] In these studies, undiluted CVM secretions were collected from women who displayed healthy vaginal flora. Utilizing these specimens, Hanes et al investigated the relative diffusivities of different NP formulations.[@b20-ijn-13-2709],[@b21-ijn-13-2709],[@b29-ijn-13-2709]--[@b31-ijn-13-2709],[@b34-ijn-13-2709],[@b35-ijn-13-2709],[@b37-ijn-13-2709],[@b79-ijn-13-2709] Parameters that were of particular interest were NP size and the molecular weight and surface density of NP modifications, such as PEG. In one such study investigating the physical properties of NP size and surface charge, it was found that PS NPs (diameters spanning 200--500 nm) exhibited more rapid diffusion independent of surface chemistry and charge, relative to smaller, 100 nm NPs.[@b20-ijn-13-2709] This was contrary to the hypothesis that NPs with a diameter larger than the CVM pore size would have lower diffusion coefficients, relative to NPs with diameters smaller than the average pore size. PS NPs modified with PEG (PEGylated, 2 kDa) ranging in size from 100, 200, and 500 nm exhibited 20-, 400-, and 1,100-fold higher average mean squared displacements (MSDs) relative to unmodified carboxylated (PS-COOH) NPs of the same size, respectively. Furthermore, NPs with larger diameters and dense PEG coatings diffused through the CVM more rapidly, with diffusion coefficients reduced by 2,000-, 6-, and 4-fold for 100, 200, and 500 nm PEGylated NPs, respectively, relative to diffusion in water. In contrast, it was observed that PS-COOH NPs (without modification) were unable to diffuse through the CVM and were strongly mucoadhesive.[@b20-ijn-13-2709] This phenomenon was attributed to the addition of PEG, preventing polyvalent bond formation between PS NPs and hydrophobic mucin fiber domains. From this study, it was found that NP surface chemistry plays a vital role in diffusion through CVM.

To further explore the impact of NP size on CVM diffusion, a separate study investigated how the nanoscale mucus rheology undergoes changes upon exposure to differently sized non-mucoadhesive beads. In fresh, undiluted human CVM, the mucosa acted as an impermeable elastic barrier to non-mucoadhesive beads with diameters equal to or greater than 1 μm, whereas the CVM resembled a highly permeable viscoelastic liquid for beads with diameter less than or equal to 500 nm. However, after the addition of a nonionic detergent, the CVM transitioned to an impermeable elastic barrier, even for the small beads. This change in mucus viscoelasticity is in accordance with the results from Lai et al,[@b20-ijn-13-2709] suggesting that NPs with diameters spanning 200--500 nm achieve maximum diffusion.

To gain further insight in regard to the role of mucin fiber pore size in NP diffusion and to expand on the study by Lai et al,[@b20-ijn-13-2709] experiments were conducted to investigate the effect of size on NP penetration through the CVM.[@b21-ijn-13-2709] PS NPs were modified with a high-density, low-molecular-weight, amine-modified PEG (2.0--3.4 kDa) to deter mucus adhesion. When observed in undiluted human CVM, PEG-modified PS NPs with sizes 100, 200, and 500 nm effectively penetrated mucus and exhibited diffusivities 6.5-, 3.5-, and 12-fold lower than that of NPs in water, respectively. However, PEG-modified PS NPs with a diameter of 1 μm diffused 200-fold more slowly in mucus than in water. Using this information, the diffusion rates were fitted to a previously derived obstruction-scaling model for cross-linked gels to determine the pore size of CVM.[@b21-ijn-13-2709],[@b80-ijn-13-2709] Although the pore size of undiluted human CVM was found to be 340 ± 70 nm, this wide distribution highlights the additional complexities of transport in the CVM. Additionally, the large difference in diffusion coefficients between the 0.5 and 1 μm PS NPs emphasizes the importance of NP diameter in NP design.

In addition to NP size, ligand density and surface modification type play critical roles in the transport of NPs in human CVM. The effect of PEG as a surface modification for PLGA NPs and its impact on CVM binding and diffusion were investigated as a function of PEG molecular weight (2, 5, and 10 kDa) and modification density (5%--100%).[@b12-ijn-13-2709] As predicted by the investigators, the addition of PEG to the NP surface impacted the physical properties of the NPs by improving colloidal stability and neutralizing the NP surface charge. Moreover, PEGylated NPs were observed to have higher diffusion coefficients in human cervical mucus. Additionally, NPs partially modified with PEG (10%) had a higher dependency on PEG molecular weight, whereas NPs partially modified (10%) with 10-kDa PEG exhibited no difference relative to fully modified PEGylated NPs using 2- and 5-kDa PEG.[@b12-ijn-13-2709] Based on PEG molecular weight, partially modified PEGylated NP formulations (10%) with 5- or 10-kDa PEG demonstrated statistically improved CVM diffusion relative to unmodified and 2-kDa partially modified PLGA NPs. These results highlight the interdependency of PEG molecular weight and modification density on NP diffusion through CVM.

#### Transport dependence on NP formulation chemistry

As high PEG-modification density was observed to promote mucus penetration and decrease NP immobilization, studies sought to identify ways to maximize ligand conjugation to the NP surface.[@b30-ijn-13-2709],[@b37-ijn-13-2709] One of the challenges in obtaining high degrees of post-synthesis surface modification is that with conventional polymers, such as PS and PLGA, there are a limited number of surface groups available for conjugation, thereby limiting the density at which PEG (and other ligands) can be conjugated to the NP surface. To overcome this obstacle, PEG was covalently conjugated to the backbone of poly(sebacic acid) (PSA) to create a diblock copolymer that resulted in muco-inert NPs.[@b30-ijn-13-2709] The trajectories and diffusion coefficients of PSA-PEG, relative to unmodified PSA and PLGA NPs, were observed in undiluted human CVM. PSA-PEG NPs were significantly more mobile in CVM, having an MSD 400- and 230-fold higher than that of PSA and PLGA NPs, respectively, thereby confirming the correlation between high PEG density and rapid NP diffusion and transport through the CVM.

Another study investigated the use of biodegradable polymers to formulate diblock copolymers of PLGA (18 kDa; lactic acid:glycolic acid =50:50) and PEG (2 kDa) to promote mucus-penetrating NP properties.[@b37-ijn-13-2709] The chemical structure of the diblock polymer -- confirmed via proton nuclear magnetic resonance (H-NMR) and NP characterization with dynamic light scattering -- revealed that PLGA and PLGA-PEG NPs possessed average hydrodynamic diameters of 130 and 90 nm, respectively. To assess NP diffusion, fresh undiluted CVM was collected from human patients and, in this system, PLGA-PEG NPs were observed to diffuse much faster than PLGA NPs alone H-NMR with diffusion coefficients 8,000-and 12,000-fold lower than in water, respectively. Based on these results, it was suggested that approximately 75% of PLGA-PEG NPs would penetrate a 10-μm thick mucus layer in 30 min, whereas PLGA NPs would exhibit negligible penetration within this duration.[@b37-ijn-13-2709] Due to the rapid clearance of the CVM -- in the order of minutes to hours -- it is highly desirable that topically administered NPs penetrate and diffuse into tissue prior to mucosal clearance. Furthermore, differences in the thickness of mucosal linings arising from different physiologic factors, such as age and stage of the menstrual cycle, vary from patient to patient. Therefore, these findings suggest that PEGylated NPs, created by pre-synthesis copolymerization, may avoid mucosal clearance whereas still providing adequate diffusion and penetration within the vaginal tissue. Both of these studies[@b30-ijn-13-2709],[@b37-ijn-13-2709] reveal the impact that two different copolymer blends can have on formulating mucus-penetrating NPs while eliminating the need of post-synthesis surface modification.

#### Transport dependence on NP formulation reactants

The impact of residual reactants from NP synthesis was explored in relation to NP transport through the CVM.[@b37-ijn-13-2709],[@b40-ijn-13-2709],[@b79-ijn-13-2709] Surfactants that are typically used for NP synthesis, such as polyvinyl alcohol (PVA), are intrinsically mucoadhesive and, therefore, post-synthesis residue may impede NP transport through mucus. Given this, the effect of surfactants on CVM distribution was assessed by analyzing NP diffusion in human CVM specimens. PLGA NPs were synthesized with novel vitamin E surfactants that had been previously conjugated to a 1- or 5-kDa methoxy-PEG-OH (PLGA/VP1K and VP5K, respectively) PVA surfactant alone, and COOH-only modified (PS-COOH) or PEG-modified (2 kDa) PS NPs as controls. PLGA NPs synthesized using the VP1K surfactant exhibited no marked increase in CVM transport relative to unmodified COOH-only PS NPs.[@b40-ijn-13-2709] However, increasing the PEG molecular weight to 5 kDa significantly impacted diffusion. The MSD of PLGA/VP5K NPs in CVM was 210-and 33-fold higher than that of PS-COOH and PLGA/VP1K NPs, respectively. Moreover, VP5K PLGA NPs were found to be the most resistant to mucoadhesion relative to VP1K and traditional PLGA NPs, confirming the importance of and sensitivity to surfactant and PEG molecular weight on CVM diffusion.[@b40-ijn-13-2709]

Given the correlation between neutral surface modification and enhanced mucus penetration, other studies sought to investigate the effect of PVA alone on CVM transport. Due to the hydrophilic and neutral nature of PVA, it was hypothesized that coating PLGA and PS NPs with PVA may enhance NP diffusion.[@b79-ijn-13-2709] Interestingly, PS NPs coated with PVA -- regardless of concentration (0.01 or 1% w/v) or molecular weight (2, 6, or 25 kDa) -- remained immobilized in the CVM. When tested in fresh, undiluted human mucus samples, PS NPs that were synthesized with 2, 6, and 25-kDa PVA (1% w/v incubation concentration) had diffusion coefficients 23,000-, 14,000-, and 10,000-fold lower than their theoretical values in water, respectively.[@b79-ijn-13-2709] The effect of increasing PVA molecular weight decreased mucoadhesion and, therefore, increased diffusion. Whereas PLGA NPs formulated with PVA surfactants were immobilized in the CVM relative to the surfactant-free NPs and PEG-PLGA NPs, these results suggest that the inclusion of PVA as a surfactant or surface modification may promote mucoadhesivity that can be tailored with changes in molecular weight or concentration.

#### Summary of human CVM studies

The use of human CVM affords the possibility to emulate a physiologically relevant mucosal environment and to use this environment to gain an understanding of how physicochemical parameters impact NP diffusion in the CVM. While in vitro studies that utilize human CVM studies provide an informative system, there are drawbacks to this methodology. Sources of human CVM are not always readily available, and adequate amounts of CVM required to study multiple diffusion parameters can be challenging to obtain. Furthermore, patient samples are often inherently different from one another. Despite these drawbacks, utilizing human CVM is a relatively straightforward technique that allows for rapid data interpretation, which can be valuable to the design of NP formulations. With this technique, NP delivery vehicles can be precisely designed to obtain mucoadhesion (for retention) or mucus penetration (for distribution). By using human CVM, the reviewed studies were able to explore how NP size, formulation chemistry, formulation reactants, surface charge, surface-ligand density, ligand molecular weight, and surfactant may significantly impact NP diffusion in an environment closely corresponding to in vivo CVM conditions.

### Synthetic mucus studies

Synthetic mucus formulations have been developed to study mucus rheology and the diffusion of small molecules and some delivery vehicles in vitro as a means to avoid the shortcomings of human CVM.[@b15-ijn-13-2709],[@b16-ijn-13-2709],[@b70-ijn-13-2709] Although these mucus formulations are not obtained from humans, they are able to recapitulate critical mucus properties such as microstructure and viscoelasticity. Synthetic mucus has the ability to adequately simulate bulk mucus properties, although it lacks critical components of a biologic system, such as innate physiological interactions and cellular--molecular components. Whereas the majority of studies have focused on the analysis of mucus microstructure,[@b2-ijn-13-2709],[@b25-ijn-13-2709],[@b30-ijn-13-2709],[@b42-ijn-13-2709],[@b72-ijn-13-2709] viral transport,[@b9-ijn-13-2709],[@b22-ijn-13-2709],[@b43-ijn-13-2709]--[@b45-ijn-13-2709],[@b71-ijn-13-2709],[@b81-ijn-13-2709] or small-molecule diffusion,[@b71-ijn-13-2709],[@b82-ijn-13-2709],[@b83-ijn-13-2709] limited studies have used synthetic mucus to assess delivery vehicle transport.

#### Transport dependence on NP formulation chemistry

Most recently, the interactions of dapivirine-loaded polycaprolactone (PCL) NPs with mucin incorporated in simulated vaginal fluid were studied in a synthetic mucus environment.[@b14-ijn-13-2709]--[@b16-ijn-13-2709] PCL NPs encapsulating dapivirine were evaluated due to their potential application as microbicides, and their demonstrated mucoadhesivity, sustained release, and retention within the CVM. To create synthetic mucus, mucin fibers were added to simulated vaginal fluid (SVF) (1.5% w/v) followed by bulk rheological analysis to confirm that the viscoelastic properties were comparable to human CVM.[@b16-ijn-13-2709] Using this in vitro model, it was observed that varying NP surface charge significantly contributes to altering the diffusion time across a 200 μL layer of SVF in an eight-well imaging chamber. In this system, negatively charged NPs exhibited the most rapid diffusion.[@b16-ijn-13-2709]

To expand on this work, the effect of NPs modified with cetyltrimethylammonium bromide (CTAB), poly(ethylene oxide) (PEO), and sodium lauryl sulfate (SLS) was assessed -- both in in vitro cell monolayers and ex vivo porcine vaginal mucosa -- to increase dapivirine retention in the vaginal CVM.[@b14-ijn-13-2709] In cell monolayers composed of CaSki vaginal epithelial cells, PEO-PCL NPs exhibited the lowest apparent permeability coefficient of dapivirine (2.2 ± 0.2 cm/s × 10^−6^) relative to free dapivirine (3.0 ± 0.3 cm/s × 10^−6^), whereas CTAB NPs exhibited the highest dapivirine permeability coefficient (4.6 ± 0.5 cm/s × 10^−6^). In subsequent studies, ex vivo vaginal porcine tissue was utilized to further explore how these surface modifications impacted dapivirine retention and NP diffusion.[@b14-ijn-13-2709] Permeability coefficients obtained ex vivo followed similar trends, with PEO-PCL NPs exhibiting a very low dapivirine permeability coefficient (0.6 ± 0.2 cm/s × 10^−6^) and CTAB-PCL NPs diffusing more rapidly, with a dapivirine permeability coefficient of 3.0 ± 0.3 cm/s × 10^−6^, relative to PEO-PCL NPs and free dapivirine. These results suggest that PCL NPs modified with PEO have the strongest mucoadhesion, whereas CTAB-PCL NPs diffuse more rapidly through the vaginal epithelium.[@b14-ijn-13-2709]

#### Transport dependence on NP-modifying agent and surface charge

Similar to the results obtained with human CVM, it was observed that the NP-modifying agent and surface charge significantly contribute to NP affinity for mucus.[@b14-ijn-13-2709] Interestingly, PEO-modified NPs exhibited enhanced mucoadhesion properties in this synthetic CVM system, which is in contrast to the aforementioned studies wherein high-molecular-weight PEG (10--40 kDa) was utilized to decrease mucoadhesion.[@b12-ijn-13-2709],[@b29-ijn-13-2709],[@b30-ijn-13-2709] This discrepancy may be due to the difference between human and synthetic mucus, and highlights the complexity of NP--CVM interactions.

### Toward more realistic in vitro systems

One of the main drawbacks of in vitro systems utilizing human or synthetic CVM is the challenge of accurately representing the in vivo environment -- including the complex anatomical structure of the mucus and the underlying tissue that comprises the FRT. When delivered topically, it is often desirable for NPs to traverse mucus, withstand mucus shedding, and penetrate to the underlying epithelial and stromal tissue, depending on the intended cell or pathogen target. To complement analyses provided by human or synthetic CVM models, 3D models that include polymer matrices and multicellular layers -- representative of epithelial and stromal layers -- have been created to provide a noninvasive and physiologically relevant environment in which to study transport parameters. Although a comprehensive review of available cell culture models may be found in the studies by He et al,[@b74-ijn-13-2709] hallmark studies relevant to FRT delivery are included in several studies.[@b44-ijn-13-2709],[@b69-ijn-13-2709],[@b73-ijn-13-2709],[@b74-ijn-13-2709],[@b76-ijn-13-2709],[@b77-ijn-13-2709],[@b84-ijn-13-2709],[@b85-ijn-13-2709]

Ex vivo transport studies
-------------------------

In addition to human and synthetic mucus in vitro systems that have been employed to study NP transport, ex vivo models have been developed to gain insight into NP transport in the intravaginal environment. By integrating some of the attributes of in vitro and in vivo systems, ex vivo models can provide physiologically relevant tissue architectures, representative of the FRT microenvironment. In particular, porcine vaginal tissue has been used to investigate the mucoadhesive properties of NPs and other colloidal systems, as described in the studies by Pereira et al[@b41-ijn-13-2709] and van Eyk and van der Bijl.[@b86-ijn-13-2709]

Similar methodologies have been used to investigate the efficacy of tenofovir-encapsulated chitosan NPs as a potential microbicide.[@b87-ijn-13-2709] Chitosan NPs were synthesized with varying diameters, with the smallest and largest NPs ranging from 188 to 900 nm. Due to the inherent bioadhesive properties of chitosan, it was hypothesized that NP mucoadhesion would be size dependent. It was found that NPs with smaller diameters were twice as mucoadhesive relative to the larger NPs.[@b87-ijn-13-2709] These results are in agreement with previous work that found that PS NPs ranging from 200 to 500 nm exhibited more rapid diffusion relative to 100 nm NPs,[@b20-ijn-13-2709] suggesting that physical properties such as size and NP material (here, PS or chitosan) can be used to tailor NP mucoadhesivity.

Although ex vivo systems provide a physiologically representative environment in which to study NP diffusion -- having defined mucosal and underlying vaginal tissue layers -- they still suffer from limitations, such as the inherent differences between animal and human tissues. Additionally, when studying diffusion in ex vivo models, there is an inability to temporally evaluate NP transport and clearance from the CVM, relative to vaginal fluid and tissue flux, because continual fluid exchange does not occur in these models.

In vivo transport studies
-------------------------

Although in vitro systems provide a highly controlled environment, spatiotemporal knowledge is seldom derived from in vitro cell monolayer studies due to the two-dimensional limitations and inherent differences of in vitro systems relative to in vivo tissue. Additionally, an in vitro system is typically limited to one or two cell types, or is focused on mucus alone, providing a comparatively isolated and compartmentalized method to investigate NP diffusion and transport. As such, in vivo systems can address the limitations of in vitro as well as ex vivo models, and enable the comprehensive assessment of how alterations in NP formulations impact transport in the CVM. A more comprehensive evaluation is possible due to the ability of in vivo models to provide a realistic environment in which to study NP diffusion and transport, and to evaluate the associated therapeutic efficacy within the FRT. In particular, tissue histology from in vivo studies provides knowledge of how drug-delivery vehicles diffuse and distribute throughout vaginal tissue. Such in vivo studies enable investigators to study the diffusion kinetics within the FRT as an integrated system, which provides a more thorough evaluation of how NP delivery systems interact with the CVM and vaginal tissue. With this in mind, the complexity of the in vivo environment requires the consideration of more parameters to rationally design NP delivery vehicles.

### Effects of surface-modification type and density on in vivo transport

One way to improve intravaginal penetration and retention of polymeric NPs in vivo has been to conjugate NPs with ligands to modulate physicochemical properties, such as surface charge and hydrophobicity. To explore the effect of conjugating biotinylated PEG (2 kDa) to avidin-modified PLGA NPs, a murine model was used to measure the vaginal retention of surface-modified NPs.[@b10-ijn-13-2709] NP groups, including avidin-only and avidin-PEG NPs, exhibited up to 5 times increased vaginal retention, relative to unmodified NPs. Furthermore, PEG NPs were found within the submucosal stromal cells and epithelium, suggesting that these NPs efficaciously penetrate the CVM to the underlying basal immune cells. Furthermore, relative to avidin-only and unmodified NPs, PEG NPs were found at higher concentrations throughout the CVM up to 6 h post-administration.[@b10-ijn-13-2709]

Building upon this study, PLGA NPs with a variety of PEG modification densities (2, 3, 5, 8, 10, and 25 wt%) were synthesized to study the impact of modification density on tissue penetration.[@b34-ijn-13-2709] NP synthesis was accomplished by blending a diblock copolymer of 5 kDa PEG and PLGA (5.6, 20, and 45 kDa), followed by confirmation of PEG-modification densities with H-NMR. The resulting NPs made from PEG-PLGA copolymers were tested in a murine model to assess NP diffusion and distribution within the CVM. Unmodified PLGA NPs were unable to fully penetrate vaginal rugae in the outermost epithelial layer, and remained sequestered in the outer mucus layer. Similarly, PEG surface densities below 10% were inefficient in penetrating the outer mucus layer. However, high surface-coating densities spanning 10%--25% effectively diffused through the outer mucus layer and distributed evenly throughout the rugae. Moreover, PEG-PLGA copolymer NPs with 25% PEG surface density exhibited significantly more surface coverage than all other NP formulations.[@b34-ijn-13-2709]

Comparing these results with previous in vitro work -- where it was observed that PLGA NPs partially coated (10 wt%) with 5 kDa PEG achieved enhanced diffusion relative to unmodified PLGA NPs[@b11-ijn-13-2709],[@b12-ijn-13-2709] -- a coating density of 10%--25% was needed to achieve improved CVM diffusion in this in vivo study.[@b34-ijn-13-2709] This difference suggests that the minimal surface coating density required for diffusion within the CVM and uniform coverage of vaginal tissue may be underestimated by in vitro studies.

To further characterize the impact of NP surface modifications on CVM transport in vivo, PS NPs were modified with various molecular weight PEG molecules, ranging from 5 to 40 kDa, as well as surface-modification densities (1.3--3; area covered by PEG/total surface area).[@b24-ijn-13-2709],[@b29-ijn-13-2709] NPs densely coated with 40 kDa PEG exhibited the most effective transport and distribution through CVM (5--10 min post-administration). Densely modified NPs were shown to more uniformly cover the epithelium, independent of PEG molecular weight, suggesting that high-molecular-weight PEG can improve NP penetration and distribution through human CVM. These results confirm previous in vitro work,[@b11-ijn-13-2709],[@b14-ijn-13-2709],[@b16-ijn-13-2709],[@b20-ijn-13-2709],[@b21-ijn-13-2709],[@b29-ijn-13-2709]--[@b31-ijn-13-2709],[@b34-ijn-13-2709],[@b35-ijn-13-2709],[@b37-ijn-13-2709],[@b79-ijn-13-2709] which showed that ligand molecular weight and surface density play key roles in tailoring the mucoadhesive/muco-inert properties of NPs.

In a separate in vivo study, the effect of coating PCL (14.8 kDa) NPs with a triblock polymer of PEO and poly (propylene oxide) (PPO) (PEO--PPO--PEO), relative to the typically assessed low-molecular-weight PEG (2--10 kDa) was evaluated.[@b13-ijn-13-2709] In female Institute of Cancer Research mice, PEO-PCL NPs were localized in vaginal and uterine tissues 2 h post-administration, penetrating as much as 40 μm through the vaginal tissue and distributing throughout the rugae. When comparing the diffusion coefficients of these PEO-PCL NPs (high-molecular-weight PEO) to previously studied PEG-modified PS NPs (2 kDa PEG),[@b20-ijn-13-2709] the PEO-PCL NPs were only 3--7 times slower, suggesting that -- despite increased PEG molecular weight -- the PEO-modified NPs adequately traversed the CVM and penetrated the vaginal epithelium.

### Evaluation of transport of unmodified NPs

In parallel with in vitro, ex vivo, and in vivo studies that have demonstrated enhanced delivery of surface-modified -- relative to unmodified -- NPs, recent work has shown that penetration and retention of polymeric NPs may still be attained with unmodified NPs. The transport and efficacy of unmodified siRNA PLGA NPs were assessed within the FRT by intravaginally administering sub-200 nm diameter fluorescently labeled NPs to female Institute of Cancer Research mice.[@b33-ijn-13-2709] NP distribution was assessed over 7 days, and the analysis of tissue cross-sections revealed regions of the vaginal tract in which NPs penetrated 75 μm beneath the lumen. Furthermore, time-course studies using multiphoton microscopy revealed that NPs had penetrated up to 120 μm below the luminal surface and were retained as long as 7 days post-treatment.[@b33-ijn-13-2709] These results suggest that unmodified NPs penetrated the CVM and distributed throughout the vaginal tract to deliver a sufficient therapeutic payload. Although NP penetration and retention were observed to induce therapeutic efficacy, the transport of surface-modified NP groups was not measured in comparison. The question whether surface modification improves penetration and efficacy relative to unmodified PLGA NPs requires further investigation.

### Effects of surfactant on in vivo transport

Concurrent with the described work that has correlated surface modification to diffusion and distribution in the FRT, other studies have explored the effect of utilizing a biocompatible surfactant -- pluronic F127 -- to produce mucus-penetrating particles.[@b36-ijn-13-2709] To investigate the improved chemotherapeutic efficacy obtained from these particles, a commonly used chemotherapeutic -- paclitaxel -- was encapsulated in the F127-modified NPs. When administered intravaginally in TC-1 tumor-bearing mice, unmodified NPs aggregated within the vaginal lumen, preventing diffusion to the underlying epithelium, even after 20 h. In contrast, NPs coated with F127 demonstrated significantly improved distribution and diffusion, uniformly dispersing through the CVM and penetrating to the underlying epithelial tissue. This enhanced diffusion translated to improved therapeutic efficacy, with F127-modified NPs reducing tumor growth by approximately 93% relative to the untreated control group, whereas unmodified NPs reduced the tumor load by only 42%. Moreover, survival time was extended to 11 and 19 days -- for unmodified and surface-modified NPs respectively -- relative to a survival time of 9 days for the untreated mice.[@b36-ijn-13-2709] This study highlights the use of an unconventional surface modification to increase the chemotherapeutic efficacy of intravaginally administered drugs.

### Effects of mucus properties and administration solution on in vivo transport

Many of these in vivo (and in vitro/ex vivo) studies have focused on surface ligands and surfactants to enhance NP distribution, but other methods have assessed the role of mucus properties to provide enhanced NP delivery to the FRT. Because both PEGylated PS and PLGA NPs have shown varying degrees of efficacy over a range of PEG molecular weights and surface densities, a murine model was used to study the conditions in which mucus-penetrating PEG NPs may be delivered most effectively.[@b19-ijn-13-2709] In this study, PS and PLGA NPs modified with 2 kDa PEG were administered intravaginally in hypotonic media, mimicking advective transport. To quantify the distribution of these NPs in vivo, vaginal and ectocervical tissues were excised and imaged via fluorescence microscopy. Both PEG-modified PS and PLGA NP groups -- administered in hypotonic media -- were shown to uniformly accumulate and coat the entire vaginal epithelium after only 10 min. Furthermore, similarly administered surface-modified NPs penetrated more than 100 μm into the CVM within 10 min. As a function of surface modification, images revealed that 88% and 86% of the tissue surface were covered with PEG-modified NPs, whereas only 30% and 36% coverage was attained with unmodified NPs in vaginal and ectocervical tissues, respectively.[@b19-ijn-13-2709] These studies corroborate other in vitro and in vivo data to suggest the significant impact PEGylation has on penetration/distribution kinetics in CVM, and provide insight into the impact of administration methods and conditions on NP diffusion. Thus, exploiting the more rapid fluid influx of NPs into the vaginal epithelium that is observed using hypotonic conditions may provide an effective administration technique that relies on advective transport rather than diffusion alone.

Subsequent work studies by Ensign et al,[@b88-ijn-13-2709] building upon studies by Ensign et al,[@b19-ijn-13-2709] investigated the impact of fluid osmolality by utilizing modest to high hypotonic solutions to administer PEG-modified (5 kDa) PS NPs to the murine vaginal tract.[@b88-ijn-13-2709] When delivered in both high and low hypotonic solutions (20 and 220 mOsm/kg, respectively), PEG NPs were shown to rapidly penetrate the CVM and vaginal lumen, covering 88% and 76% of the underlying vaginal epithelium. This was a significant increase relative to the isotonic solution (294 mOsm/kg), in which PEG NPs only covered 60% of the vaginal epithelium. In addition to enhanced distribution and penetration, PEG-modified NPs exhibited higher vaginal retention at 1 h post-treatment when delivered in a hypotonic solution. In non-ambulatory mice, 69% and 83% of NPs were retained for isotonic and hypotonic solutions, respectively, whereas for ambulatory mice, the retention rate for the isotonic solution was 22%, and remained somewhat constant (75%) for the hypotonic solution. In both cases, PEG NPs administered in a hypotonic solution were retained within the vaginal tract for longer durations, indicating that the rapid delivery of PEG NPs to the vaginal surface using a hypotonic solution promotes NP retention.[@b88-ijn-13-2709] These results confirm the enhanced distribution and penetration effects from using hypotonic solutions to administer NPs intravaginally. Moreover, they underscore that administration solution, in addition to NP surface modification, may have a significant impact on in vivo mucus properties, thereby impacting drug delivery and distribution through the CVM.

### Effects of polymer type on in vivo transport

In addition to assessing surface modifications and delivery conditions, different polymeric delivery vehicles have been evaluated in murine models.[@b23-ijn-13-2709] A novel formulation, composed of phenylboronic NPs, was studied to improve NP mucoadhesion within the FRT.[@b23-ijn-13-2709] Due to the affinity of phenylboronic acid to form stable cyclic ester bonds with mucin, phenylboronic acid rich-NPs (PBNPs) were seen as an attractive option to formulate mucoadhesive delivery vehicles. Moreover, it was believed that modifying PBNPs with sodium sulfate would increase colloidal stability and form stable bonds with mucin fibers. In preliminary in vitro studies, PBNPs that were surface modified with sodium sulfate at 5 and 10 wt% (PBNP-S5 and -S10) exhibited increased mucin adsorption at vaginal pH relative to unmodified PBNPs.[@b23-ijn-13-2709] Following intravaginal administration in mice, both PBNPs and PBNP-S5 had increased vaginal retention up to 48 h post-treatment, whereas the amount of control solution significantly decreased between 0 and 6 h post-treatment. Although the in vitro and in vivo results show nuanced differences in mucoadhesion, these studies highlight the similar relationships that may govern NP distribution with different polymers. Moreover, these results confirm that differences observed within carefully controlled in vitro experiments may be less impactful in an in vivo environment where multiple factors govern distribution.

### Effects of the reproductive environment on in vivo transport

Although the focus of this review has been to convey design factors that can affect NP distribution and transport through the CVM in the FRT, it is also important to note that natural physiological changes in the CVM may affect NP diffusion. When translated to clinical application, a variety of differences exist in the human reproductive environment, contributing to increased variation of the FRT characteristics between patients. For example, age, hormone levels, and menstruation cycle are known to have a significant impact on CVM rheology and thickness, as well as the rate of vaginal fluid clearance.[@b1-ijn-13-2709],[@b2-ijn-13-2709],[@b42-ijn-13-2709] To explore the impact of menstrual cycle on NP distribution, an ex vivo experiment was conducted using CVM that had been excised from estrus-phase mice or from mice that had been pretreated with a progestin to mimic the diestrus phase of thicker CVM secretions.[@b78-ijn-13-2709] Using this model, the diffusivities of PS NPs surface modified with PEG (2 or 5 kDa) were assessed, highlighting the variation in NP diffusion as a function of estrous cycle. In estrus-phase vaginal tissue, 70% of PEG-NPs exhibited higher effective diffusivities through the CVM relative to all NP formulations administered to diestrus-phase mice. Furthermore, PEG-NPs in diestrus-phase CVM had an MSD of at least 30-fold less than the same NPs in estrus-phase CVM. From the lower effective diffusivities of PEG-NPs in diestrus-phase CVM, it was deduced that NP movement is primarily due to thermal fluctuations of the mucus, and that NPs were likely trapped within the mucus mesh as a result of steric hindrance.[@b78-ijn-13-2709]

### Summary of in vivo studies

The reviewed in vivo studies highlight the complexities associated with the rational design of intravaginal NP delivery systems. Key polymeric NP parameters that have been evaluated in controlled in vitro conditions include surface-modifying agent, surface-coating density, size, and surface charge. When evaluating NP design in the FRT in vivo, these parameters must also include variations between menstrual cycle phases, method of administration, vaginal fluid clearance and NP retention, homogeneous distribution throughout vaginal tissue, and penetration of NPs into the vaginal lumen and rugae. The information obtained from in vivo transport studies provides for a more detailed understanding of the impact that realistic and varied conditions present in the FRT may have on NP transport and efficacy through the CVM. Moreover, these studies enable more informed correlations to help to identify factors that differ between benchtop and translational experiments, and which may have significant effects on distribution and efficacy in the FRT.

Mathematical modeling of small-molecule transport and antibody interactions within the FRT
==========================================================================================

Mathematical modeling has been applied in the field of intravaginal drug delivery to gain insight into how FRT physiology impacts drug diffusion, transport, and dosage regimens. Mathematical models provide a means to efficiently test drug- and molecule-diffusion properties, simulating experimental conditions that might otherwise be challenging, labor-intensive, and inefficient to replicate at the bench. Nonetheless, to generate meaningful outputs from such models, the functional relationships must reflect the associated biology and the input parameters must be accurate. In particular, key input parameters such as diffusion and drug or delivery vehicle partition coefficients, which are necessary to model transport through the CVM, are typically derived and validated from experimental analysis.

Application of mathematical modeling
------------------------------------

The modeling of drug diffusion within the FRT has historically focused on drug flow and distribution along the vaginal canal.[@b1-ijn-13-2709],[@b3-ijn-13-2709],[@b42-ijn-13-2709],[@b52-ijn-13-2709],[@b89-ijn-13-2709] Recently, mathematical modeling has been applied to assess molecule transport and viral interactions within the surrounding vaginal tissue and mucosa.[@b3-ijn-13-2709],[@b42-ijn-13-2709],[@b45-ijn-13-2709],[@b71-ijn-13-2709],[@b81-ijn-13-2709],[@b90-ijn-13-2709] Even more recently, with the advent of drug-delivery vehicles and microbicides, the value of mathematical modeling for reproductive applications has been expanded. The development of microbicides for prophylactic and therapeutic approaches has seen significant growth in terms of developing drug-delivery platforms to improve intravaginal delivery against sexually transmitted infections.[@b9-ijn-13-2709],[@b15-ijn-13-2709] Some of these platforms, which are topically applied to the vagina -- including intravaginal rings, films, gels and most recently fiber meshes -- have the capacity to provide tunable release of therapeutic agents that diffuse through the vaginal epithelium to the underlying stroma. In the near future, it is expected that mathematical modeling will also provide insight into NP-mediated drug delivery through the CVM.

Modeling of drug molecule diffusion
-----------------------------------

Pioneering studies developed various mass transport equations that describe the PK and PD data of small drug molecules diffusing through the CVM after topical application ([Table 2](#t2-ijn-13-2709){ref-type="table"}). Studies by Gao and Katz explored mathematical modeling as a tool to better elucidate the parameters governing intravaginal drug delivery. The group developed a multi-compartmental model to study the PK and PD behavior and diffusion of the antiretroviral tenofovir in the CVM as it released from an intravaginal gel.[@b3-ijn-13-2709] A series of coupled, partial differential equations characterized the transport of tenofovir through each layer of the mucosa ([Table 2](#t2-ijn-13-2709){ref-type="table"}, Model 1). The model incorporated equations to evaluate the subsequent uptake and clearance of tenofovir into the vascular and lymphatic systems after it penetrated through the mucosa. Initial studies conducted with this model focused on optimization to fit experimental PK data, and the predictive model outputs were found comparable to empirical data. From this analysis, the effect of differing biologic conditions between the cervicovaginal tissue layers, as well as the time required to achieve efficacious levels of therapeutic payload, was evaluated and confirmed when compared to concentrations measured from vaginal tissue biopsies.[@b3-ijn-13-2709]

This multi-compartmental model was extended in the studies by Gao et al,[@b91-ijn-13-2709] to account for natural variations in the vaginal canal, and to include convective drug transport due to spreading of the application gel ([Table 2](#t2-ijn-13-2709){ref-type="table"}, Model 2). A subsequent study conducted a global sensitivity analysis on this model using Sobol indices to further understand how variations in parameters, which describe the application gel and the physiologic environment, cause disturbances in the model output.[@b90-ijn-13-2709] From this analysis, it was observed that the model output was most sensitive to the parameters characterizing the initial drug concentration in the application gel, the partition coefficient of tenofovir in the epithelium, and the rate constant at which the gel was diluted due to vaginal fluid. Very recently, a model of PLGA polymer degradation[@b92-ijn-13-2709] was adapted to simulate degradation and release of TFV and tenofovir disoproxil fumarate (TDF) from an electrospun PLGA fiber.[@b93-ijn-13-2709] TFV and TDF are structurally similar molecules, yet with very different release and distribution profiles. The model output was then incorporated into a two-dimensional (2D) multi-compartmental diffusion model building upon the work by Gao and Katz[@b3-ijn-13-2709] to simulate the release of TFV from a fibrous mesh into the vaginal epithelium and stroma. This framework consisting of two coupled models offers the capability to study variation in fiber degradation and drug release, and how these parameters in turn may affect drug distribution in tissue.[@b93-ijn-13-2709]

Studies conducted by Katz et al have highlighted the fundamental mass transport principles and applications related to the diffusion and convection of drugs and small molecules through the vaginal environment.[@b1-ijn-13-2709],[@b82-ijn-13-2709],[@b89-ijn-13-2709],[@b91-ijn-13-2709] This work has focused on the use of models to investigate the PK and PD of tenofovir -- and its associated derivative, TDF -- when topically delivered to the vagina using either a gel[@b1-ijn-13-2709],[@b91-ijn-13-2709] or intravaginal ring,[@b1-ijn-13-2709],[@b89-ijn-13-2709] with differing dosage regimens. The model showed that the use of intravaginal rings created an enhanced accumulation of activated TDF in the stromal compartment that was maintained for a prolonged duration of weeks to months. Conversely, gels achieved an equivalent concentration of active agent in the stroma in less than 1 day; however, it was necessary to apply the gel repeatedly to maintain this concentration for longer than 24 h. This study demonstrated how a model can be utilized to characterize the transport behavior of small molecules and, furthermore, to identify efficacious delivery modalities for specific antiviral agents.[@b1-ijn-13-2709]

Modeling of virus--antibody interactions
----------------------------------------

Mathematical models have also been used to study the transport of viruses through -- and their interaction with biological molecules, such as antibodies, within -- the CVM. Antibodies have recently emerged as a prophylactic approach to combat viral infection within the FRT. In conventional therapy, antibodies have been utilized to elicit a targeted immunogenic response.[@b81-ijn-13-2709] However, antibodies can provide an additional means to prevent viral infection. Antibodies can reduce the diffusive flux of a given virus, such as the human immunodeficiency virus (HIV), by binding to receptors on the individual virions and to mucin fibers within the CVM.[@b45-ijn-13-2709],[@b71-ijn-13-2709],[@b81-ijn-13-2709] This coupled binding has provided a virus-trapping system, in which virus diffusion is hindered before reaching the vaginal stroma.[@b81-ijn-13-2709]

Studies conducted by Wessler et al have complemented experimental work, by utilizing deterministic mathematical models to characterize virus immobilization by antibodies in CVM and to gain insight into the most effective parameters that reduce virus diffusion ([Table 2](#t2-ijn-13-2709){ref-type="table"}, Model 3).[@b81-ijn-13-2709] The group developed a mathematical model to study the impact that certain parameters, such as the rate of mucin binding and affinity for virion binding, have on prophylaxis. Immunoglobulin G (IgG) was chosen due to its proven efficacy in saturating the CVM and hindering HIV diffusive flux. The model results indicate that, to maximize virus immobilization and minimize viral diffusive flux and thus infection, IgG antibodies must exhibit a high affinity for virion binding and a weak affinity for mucin binding.

In another study, this group applied a mathematical model to evaluate the potential effects of secretory immunoglobulin A (IgA) in the CVM as a means to agglutinate and prevent HIV transmission ([Table 2](#t2-ijn-13-2709){ref-type="table"}, Model 4).[@b45-ijn-13-2709] The model investigated the mechanisms by which secretory IgA binds to HIV, causing agglutination and aggregation and, thus, preventing infection. Experimental data were used to simulate virion collision kinetics in a physiologically accurate environment. Outputs from the model suggest that, regardless of viral load, secretory IgA-related agglutination is most likely not the primary mechanism by which viral and pathogenic infection is mediated. Furthermore, the model implies that this agglutination phenomenon is most likely effective against pathogens where diffusion is characterized as other than Brownian motion or has a high propensity for collision and encounter rates.[@b45-ijn-13-2709]

Definition of key parameters
----------------------------

Expanding modeling capabilities to more complex environments requires that predictive deterministic and mechanistic models be applied and adapted to fit empirical data, such that the PK and PD properties of small-molecule drug diffusion and transport may be better understood. Data gathered empirically in in vitro tissue mimics as well as in vivo or ex vivo tissue models are, therefore, critical to extrapolate key transport parameters. In particular, when building a model to predict drug delivery within and through the CVM, whether it be small-molecule release from a topically applied platform or free drug delivery, the associated parameters must be precisely defined because the model output is dependent upon and sensitive to these parameters. Further, the geometry and assumptions made about the environment when creating a model are critical to its effectiveness. In studies where small-molecule diffusion through mucus membranes has been modeled,[@b1-ijn-13-2709],[@b2-ijn-13-2709],[@b42-ijn-13-2709],[@b71-ijn-13-2709],[@b89-ijn-13-2709] it was found that the orientation of the mucin fibers as well as mucus porosity play critical roles in defining models that yield accurate simulations. The vaginal mucosa, the physiological effects of menstruation on fluid volumes and pressures within the vaginal canal, the cell densities of the lamina propria and stromal layers, and the properties of the mucus gel itself can all significantly impact diffusive transport. These characteristics need to be accurately described by the model parameters and functional relationships. In addition to having an appropriate understanding of the environment being modeled, it is necessary to define the physicochemical and PK parameters of the therapeutic agent of interest. Further, in terms of delivery platforms, relevant parameters for fiber meshes include mesh thickness, fiber diameter, and geometry, whereas for NP-based transport, the characteristics of the delivery vehicle include lipophilicity, surface charge, molecular weight or average size, and diffusion coefficient. These parameters are typically measured and extrapolated from empirical data, as illustrated in the studies by Gao and Katz[@b3-ijn-13-2709] and Gao et al.[@b91-ijn-13-2709]

Summary of modeling of small-molecule transport and viral interactions within the FRT
-------------------------------------------------------------------------------------

Although the mathematical modeling of small therapeutic molecules in the FRT -- and, more specifically, through CVM -- is in its nascent stages, substantial progress has been made to date. The modeling work has advanced the understanding of the characteristics of small-molecule diffusion as well as the associated PK and PD behaviors in the complex environment of the FRT. Accounting in more detail for the nonlinear characteristics of cervical mucus as well as natural variations in the vaginal canal may be necessary to obtain further insights. Modeling different cell types and their interactions, such as stromal and immune cells, may help to fine tune the therapeutic response. Tailoring model parameters for different drugs and therapy modalities would help to move this work toward predictive capability. In particular, more mobile delivery vehicles, such as polymeric NPs, could encapsulate and protect active agents from unwanted cellular interactions or degradation, and carry them through the mucosa. Mathematical modeling could be applied to tailor such NPs to have mucoadhesive properties, to "stick" to the mucus layer, slowly releasing drug at this location, or to utilize muco-inert features to penetrate the epithelium and release drug within the stroma. Further, the coupling of various models -- such as drug release from electrospun fibers with drug diffusion within the FRT[@b93-ijn-13-2709] -- holds the promise for an integrated understanding of therapeutic efficacy. Ultimately, the development of modeling frameworks that include user, therapeutic, and physiological characteristics may offer practical tools to complement current clinical approaches by informing therapeutic design that is personalized to individual patient needs.

Utilizing empirical studies and mathematical modeling as complementary tools to inform NP design
================================================================================================

Topical drug delivery to the FRT is a burgeoning field with many applications spanning chemotherapeutic treatments to microbicidal interventions. Polymeric NPs have demonstrated promising potential for efficacious delivery to the FRT, by enhancing the diffusion of encapsulated agents through the CVM, in addition to imparting tailorable mucosal interactions. As has been addressed in this review, several experimental approaches -- comprising in vitro, ex vivo, and in vivo systems -- have been utilized to characterize NP delivery and transport through the vaginal mucosa. From these studies, it can be appreciated that NP--CVM interactions are complex, and that the parameters governing these interactions must be considered to rationally design efficacious NP delivery systems.

Several factors may enhance or impede NP diffusion in the CVM. The in vitro and ex vivo studies discussed herein highlight that NP diffusion through the mucosa is dependent on ligand choice, modification density, and molecular weight. Expanding upon these studies, in vivo experiments have provided more complex environments in which to assess NP transport and diffusion. In addition, in vivo studies have shown that NP transport varies as a function of the administration method (here, tonicity and advection) and menstrual cycle phase at the time of administration. Furthermore, these studies utilize a physiologically relevant environment to provide spatiotemporal details that relate NP diffusion to penetration depth and homogeneity of NP distribution within vaginal tissue.

Despite the relationships elucidated by in vitro, ex vivo, and in vivo experiments, one of the challenges facing experimental systems is the scarce number of specimens available. The limited number of samples -- whether human or synthetic mucus, ex vivo tissue, or in vivo animal models -- are unable to meet the experimental needs to test the vast number of possible parameter variations involved in NP design. Even if human specimens were plentiful, iterative experiments would be inefficient to evaluate single or multiple parameter variations across every parameter of interest. Furthermore, variations exist between human CVM samples for in vitro studies, ex vivo tissue, and in vivo animal tissue, which make it difficult to translate or scale-up for seamless comparison to the human FRT. Additionally, synthetic mucus and tissue samples derived from animals lack some of the complex physiological properties that are unique to the human FRT.

Complementary to experimental models, mathematical modeling presents a platform that enables a systematic assessment of how different mechanisms and interactions affect diffusion and transport within the CVM. Mathematical models have been used to study the release characteristics of topically applied delivery systems (eg, intravaginal rings, gels) and small-molecule transport through the CVM (antibodies, antivirals). However, to our knowledge, there are no mathematical models that investigate the impact that the mucosal diffusion of NPs has on the delivery or efficacy of therapeutic encapsulants, nor those that distinguish NP diffusion from the PK of therapeutic payload release. Moreover, as the field expands to include more labile biological molecules (eg, oligonucleotides, peptides, proteins), physiological conditions will have an increased impact on molecule activity as a function of release and tissue/intracellular location. Similar to drug delivery, individual biologic agent characteristics will vary as a function of environment, but may more rapidly be affected on the basis of release, binding, and internalization. Furthermore, for next-generation multipurpose delivery platforms -- where multiple active agents, multiple types of delivery vehicles, or both are combined -- it will be beneficial to elucidate these interactions alone and in combination with predictive and validating design tools.

Although mathematical modeling faces difficult challenges, such as maintaining biological relevance and minimizing computational costs, it is the primary means through which complex system analysis can be conducted to gain further insight into in vitro, ex vivo, and in vivo data. Models can be built and tailored to integrate the knowledge acquired from experimental data and to enable the effective assessment of variation in system parameters. Furthermore, whereas current experimental techniques are often limited to evaluating one or, at most, two different parameters in one study, modeling provides a high-throughput means to systematically evaluate multiple parameters.

Given the complexity of the FRT environment, more comprehensive models may be required to accurately simulate vehicle parameters to effectively model NP transport. In particular, a model that integrates ligand density, molecular weight, and hydrodynamic NP size would be beneficial to account for variations in diffusion through the different layers and tissue types of the FRT. Furthermore, ligand (eg, molecular weight, charge, hydrophobicity, affinity) and polymer types used to fabricate delivery vehicles may be characterized and included in the model framework to highlight how these molecules interact with the mucosa. For instance, relationships between characteristics such as surface charge, hydro- or lipophilicity, propensity or rate of mucin binding, and self-aggregation may be of interest, as these have been observed to affect diffusive transport. Modeling these NP properties in relation to their mucosal interactions would result in a more comprehensive model and, thus, more translatable and insightful simulations.

As highlighted by some of the in vivo work summarized here, and in addition to the properties inherent to NP formulation and characterization, the method of NP administration also impacts transport. The in vivo studies have shown that the tonicity and osmolarity of the topically applied NP suspension have a significant impact on NP penetration and transport in the mucosa and vaginal tissue. More specifically, the tonicity and osmolarity dictate the predominant method of transport -- usually, a combination of bulk fluid flow and diffusion -- and, thus, the rate of NP transport and vaginal distribution. Despite this impact, these parameters have only been investigated in limited studies. Incorporating administration properties and methodology into predictive mathematical models may provide more insight into the extent of interdependency between NP properties and administration method.

In addition to NP-specific characteristics and delivery vehicle administration conditions, the biological and structural properties of the mucosa itself can affect NP diffusivity and are, thus, of significant interest to model. Alterations in mucin fiber arrangement and mucus viscosity are related to stage of menstrual cycle, age, and hormone levels -- all of which vary from patient to patient. These patient-specific dependencies make it difficult to characterize their effects with the limited in vitro and in vivo experimental techniques and specimens currently available. Therefore, including these parameters in a mathematical model may enable a more thorough understanding of how anatomical and physiological properties impact the fate of NP delivery systems, which has yet to be fully characterized empirically. Additionally, future work may focus on addressing limitations such as emulating vaginal fluid clearance and the variations in mucus composition and tissue thickness, which prove difficult to recapitulate in vitro.

The current knowledge gaps or limited experimental data may be informed by mathematical modeling. As highlighted, many key parameters have been shown to impact transport in experimental systems. However, a limited combination of variables and conditions can be assessed experimentally. Mathematical modeling can guide this experimental effort by correlating relationships between parameters and identifying those that have the most impact on system properties. Moreover, comparisons across experimental model types (eg, ex vivo murine with in vivo murine with human clinical trials) may be made, and explored in greater depth via mathematical models that are used to collect, retain, and refine this information across studies. This integrative approach would more readily enable the rational design of tailored and personalized delivery systems that meet patient-specific needs. The evolution and connectivity of these models could have significant clinical impact, identifying new ways to target FRT tissue, and increase the efficacy of next-generation delivery systems.

In addition to NP characteristics, administration methods, and patient-specific features that broadly govern delivery, the studies conducted to date highlight select choices in NP design features. For example, currently, the majority of NP diffusion studies have investigated the use of muco-inert (PEG) or mucoadhesive (chitosan) surface modifications. However, within the field of NP delivery, other modifying agents have been utilized such as cell-penetrating peptides (CPPs),[@b26-ijn-13-2709]--[@b28-ijn-13-2709] which have intracellular targets and promote rapid cellular internalization. As new biologic delivery needs will necessitate both transport and cell internalization, the balance between features imparted by multiple ligand types will be valuable to explore. To date, there are few studies that address how NP diffusion varies as a function of such ligand modification, with only cursory studies investigating overall surface charge. In addition to peptides that promote ubiquitous internalization, specific ligands that target epithelial or immune receptors, may be of interest to explore emerging therapies for reproductive cancers, to more effectively prevent virus uptake, or to provide virus-like targeting to host tissue. As such, next-generation delivery vehicles may rely on combinations of different ligands, with different molecular weights and characteristics than the typically modeled PEG. Moreover, tunable surface features may enable temporal changes to carriers (eg, pH-responsive ligand release or sheddable ligands) that change carrier transport as a function of location and time. As this type of drug delivery has applications in both cancer chemotherapy and microbicides, it would be advantageous to have an improved understanding of how these NP delivery systems transport and exert their effect within the FRT.

Conclusion
==========

A variety of experimental approaches including in vitro, ex vivo, and in vivo systems have been utilized to better understand and characterize the complex interactions of polymeric NP delivery systems with the vaginal mucosa. Inherent limitations of these systems preclude a complete understanding of how NPs behave and interact within the human FRT. Mathematical modeling has emerged as a complementary tool to investigate transport in the FRT and expand the ability to understand the interdependent nature of parameters that arise from innate physiological, NP formulation, and administration regimen variations. Modeling work that focuses in greater detail on NP-specific properties such as ligand density, type, and hydrophobicity, in combination with polymeric material, offers the opportunity to streamline experimentation that investigates mucosal diffusion. In addition, incorporating the effect of active agent release and efficacy as a spatiotemporal function -- while also integrating the more labile properties of promising new biologics -- would lend insight to PK/PD properties. From a clinical perspective, an enhanced focus on different administration methods that provide improved efficacy and the integration of patient-specific physiological conditions would provide valuable information on how vehicle distribution and activity can be controlled. The complementary integration of experimentation with mathematical modeling may yet offer the most informed path to design NP-mediated therapeutic delivery for the effective and safe treatment of infections in the female reproductive tract.
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![Schematic cross-section of the FRT. Mucus (top), epithelium (middle), and stromal layer containing immune cells and fibroblasts (bottom).\
**Abbreviation:** FRT, female reproductive tract.](ijn-13-2709Fig1){#f1-ijn-13-2709}

![(**A**) Schematic of unmodified (blue only) and surface-modified mucoadhesive (yellow) and muco-inert (green) NPs. (**B**) Representative distribution of mucoadhesive and muco-inert NPs in the vaginal mucosa.\
**Abbreviation:** NPs, nanoparticles.](ijn-13-2709Fig2){#f2-ijn-13-2709}

###### 

Overview of microbicide delivery vehicles currently used or investigated for delivery to the FRT

  Microbicide delivery platform   Attributes                                                                                                                                                               Challenges                                                 Schematic representation
  ------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------ ---------------------------------------------------------- --------------------------
  **Intravaginal rings**          Lead in sustained-delivery, avoid leakage, coitus-independent                                                                                                            Incorporation of biologics, alternative delivery vehicle   
  **Films**                       Convenient, portable, discreet, no leakage, low cost                                                                                                                     Often transient release                                    
  **Gels**                        Convenient, easy to manufacture, mucosal adhesion and spreading, comfort attributed to water content                                                                     Often transient activity, messiness due to leakage         
  **Nanoparticles**               Sustained-delivery, cell-specific targeting, incorporate biologics, mobile platform for cell/tissue penetration and uptake, potential as a coitus-independent platform   Messiness and NP loss due to leakage                       
  **Electrospun fibers**          Potential for sustained-delivery, alternative delivery platform, potential as coitus-independent platform                                                                User preference and comfort unknown                        

**Abbreviations:** FRT, female reproductive tract; NP, nanoparticle.

###### 

Summary of main mathematical model equations

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Model   References                                                                            Main equations                                                                                                                                                                                                                                      Model description (computer program type)
  ------- ------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------------------
  1       Katz et al[@b1-ijn-13-2709],[@b3-ijn-13-2709],[@b82-ijn-13-2709],[@b90-ijn-13-2709]   $\frac{\partial C_{G}}{\partial t} = D_{G}\frac{\partial^{2}C_{G}}{\partial x^{2}} - kC_{G}$\                                                                                                                                                       Multi-compartmental model: unsteady diffusion mass transport for antiretroviral through the CVM (MATLAB)
                                                                                                $\frac{\partial C_{E}}{\partial t} = D_{E}\frac{\partial^{2}C_{E}}{\partial x}$\                                                                                                                                                                    
                                                                                                $\frac{\partial C_{S}}{\partial t}D_{S}\frac{\partial^{2}C_{S}}{\partial x^{2}} - k_{B}C_{S}$                                                                                                                                                       

  2       Gao et al[@b91-ijn-13-2709]                                                           $\left. {\frac{\partial C_{G}}{\partial t} = D_{E}\frac{4_{W}}{V_{G}}{\int\limits_{x = 0}^{L}\frac{\partial C_{E}}{\partial y}}} \right|_{y = 0}dx - k_{D}C_{G}$\                                                                                   Multi-compartmental model: unsteady convection--diffusion mass transport for antiretroviral through the CVM (MATLAB)
                                                                                                $\frac{\partial C_{E}}{\partial t} = D_{E}\left( {\frac{\partial^{2}C_{E}}{\partial x^{2}} + \frac{\partial^{2}C_{E}}{\partial y^{2}}} \right) - k_{on}\left\{ {C_{E}\phi_{E} - \frac{C_{DP}}{r}} \right\} + k_{off}C_{DP}$\                        
                                                                                                $\frac{\partial C_{S}}{\partial t} = D_{S}\left( {\frac{\partial^{2}C_{S}}{\partial x^{2}} + \frac{\partial^{2}C_{S}}{\partial y^{2}}} \right) - kC_{S} - k_{on}\left\{ {C_{S}\phi_{S} - \frac{C_{DP}}{r}} \right\} + k_{off}C_{L}$\                
                                                                                                $V_{B}\frac{\partial C_{b}}{\partial t} = {\int\limits_{0}^{h}{\int\limits_{0}^{d}{k_{B}C_{S}dxdy - k_{L}C_{B}}}}$\                                                                                                                                 
                                                                                                $\frac{\partial C_{DP}}{\partial t} = k_{on}\left\{ {C_{TFV}\phi - \frac{C_{DP}}{r}} \right\} - k_{off}C_{DP}$                                                                                                                                      

  3       Wessler et al[@b81-ijn-13-2709]                                                       $\frac{\partial\overset{\rightarrow}{V}}{\partial t} = \mathbf{D}\frac{\partial^{2}\overset{\rightarrow}{V}}{\partial z^{2}} + \overset{\rightarrow}{f}(\overset{\rightarrow}{V},u) - \overset{\rightarrow}{g}(\overset{\rightarrow}{V},u)$\        Reaction-diffusion: virus--antibody interactions in the FRT (proprietary)
                                                                                                $\frac{\partial u}{\partial t} = D_{Ab0}\frac{\partial^{2}u}{\partial z^{2}}$                                                                                                                                                                       

  4       Chen et al[@b45-ijn-13-2709]                                                          $\frac{\partial\overset{\rightarrow}{V}}{\partial t} = \mathbf{D}\frac{\partial^{2}\overset{\rightarrow}{V}}{\partial z^{2}} - \overset{\rightarrow}{f}(\overset{\rightarrow}{V}(z,t)) + \overset{\rightarrow}{g}(\overset{\rightarrow}{V}(z,t))$   Reaction-diffusion: virus--antibody interactions in the FRT (proprietary)
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**Note:** Bold text signifies a vector.

**Abbreviations:** CVM, cervicovaginal mucus; FRT, female reproductive tract.
